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LIST OF SYMBOLS

Cd particle drag coefficient
Cp particlie specific heat

c gas specific heat

D particle diameter

[}

density pér unit volume of a particle

ﬁp mass flow rate cf particles

M Mach number

P pressure

Pr Prendtl number

R gas constant

Re Reynolds number

T temperature

u x~direction veloecity component

v y~direction velocity component

W speed

X axial coordinate along nozzle axis

y radial coordinate measured from nozzle axis
a Mach angle

Y isentropic exponent

) streamline angle with resrect Lo nozzle axis
u viscosity

p density per unit volume

Subscripts

particle property
partial derivative with respect to x

partial derivative with respect to y
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ABSTRACT

i

A study was conducted to nuzmerically treat a

mixture composed of a gas and solid particles in a supersonic,

[T

axisymmetric nozzle. The governing squations are a set 2f eight

first order, quasi-linear, partial differential equations.

Seven of these equations are of the hyperbolic type when the

flow is superscnic (based on the frozen speed of scund in the

gas) and can be solved by the method of characteristics. The

e.ghth equation (the particle continuity equetion) is revritten -

as an integral eguation to be solved. The resulting seven

o ———y -3¢ 4

[R S

compatibility equations and the seven characteristic equations
{only four are distinct; the t. gas Mach lines and the gss

and particle streamlines) are soived by the modified Euler
predictor- corrector algorithm. These equations were programmed

for an IBM 1130 computer. A sample nozzle calculation is given

and conmpared with the one-dimensional calculations. These i
results indicate that the programx is working correctly.
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I. INTKODUCTICN &

The purpose of the present investigation was to
numerically treat a mixture of a gas and sslia particles in :
an axisymmetric, supersonic nozzle. The study vas primarily
intended for industrisl particle micronization processes. In
this process solid particles are fluidized and entrained
by a high pressure air flow. The mixture is ther expanded
through a converging-divarging nozzle. The solid particles are
accelersted during this expansion and impact a target dowpstream
of the nozzle exit plane. If the particles have sufficient
momentum they are broken upon impact. This process is repeated

until the desired particie sizes are obtained.

The interest in the present study was not 8o much
to determine two-dimensional particle velocities but rather to
be able to investigate non-uniform particle distributions in
each pozzle plane. One of the inherent restrictions in une-

dimensional gas solid - particle analyses is that the particles

are uniformly distributed in each nozzle plane. Hovever,
experimental studies definitely show that most of the particles
are concentrated near the nozzle center line. To treat the
problem of nonuniform particle distribution it is necessary

to formulate the problem in two dimensions.

Riethmuller1 hxs dones an extensive literature survey
on gas-solid particle flow snalyses and experiments. Therefore,
enly articles thst are directly pertinent to this analysis

are referenced in this report.
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II. GOVERNING EQUATIONS

The supersonic motion of most coampressible
fluids ancountered in rozsle expansion flov can be accurately
described by the governing equations of an invisciu Pluid.
The basic assumptions which constitute such a gas dynamic model
are : (1) continuum, (2) steady, (3) inviecid, {4) adiabatic,
and (5) the gas composition is frozenrn. The resulting partial
differential equations can be treated by the well known
technique of the method of characteristics. For axizymnetric
or tvo-dimensional nozzles this method transforms the partial
differential equations into a system of differential equations
vhich sre valid along certain characteristic directions in the
flow field.

The transformed equations are much simplerto solve
and this fact led Kliegel? to attempt a similsr analysis for
& mixture of a gas and 8oclid particles. The major assumption
necessary ;- ~r such & gas-solid particle analysis is that the
particles behave as a continuum. Clearly, this assumption is
physically unrealistic. That it yieids good engineering results
is another question. Kliegel has shown that the results are
in good agreement with observation for rocket engine appiicatiorns
for moderate loading ratios and small particle sizes. Similar
comparisons will be reqguired for particle micronization processes
to determine the -applicability of this assumption. Hovever,
it wvould sppear that, even for particle micronization processes

this assumption should give useful engineering results for
moderate loeding ratios of small particles.

The equations governing the steady axisymmetric flow
"of a mixture of & gas and solid particles are derived by »
Hoffman and ?houpson3. The sssumptions necessary for these
derivutions\ire : (1) the gas is inviscid except for its
intaraction; ¥ith the solid particles, (2) the mixture mass and .

mizture energy of the systen sre constant, (3} the volume
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occupied by the solid particies is negligible, (L) the

thermal motion of the solid particles is negligibdle, (%)

the solid particles do not interact, (6) the drag and heat
transfer characteristics of an actusl particle shape and the
size distribution of particles can be represented by spherical
particles of a single size, (7) the internal temperature of
each solid particle is uniform, (8) energy exchange bdbetween
the gas and the solid particles occurs by convection only,

(9) the only force acting on the solid particles is the
viscous drag fo ~es, (10) no mass transfer betveen the gas

and tke solid particles, and (11) no phase change.

Based on these assumptions, the following equations
govern the gas-solid particle flow :

pu, + pY *uo * w + ov/y = 2 (11-1)
pun_ + pvu, +P_+ A'P(u - up) = 0 (31-2)
puv  + pvv, + P, + Aop(v - vp) = 0 (11-3)
up_ + vpy - azupx - 32vpy - ABpp = 0 (11-4)
vpppy + opvp/y = 0 (11I-3%)

- Alu - up) i =0 (11-6)

-~ Aly = vp) ] =0 (11-7)

ac (r -1 ] =0 {11-8)

(17-9)
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III. APPLICATION OF THE METHOD OF CHARACTERISTICS

In this section, the techniques of the method of
characteristics will be employed to obtain the characteristic

and compatibility equations for the flow fi.l1d variables.

The flow field governing equations, Zquaticns (XI-1)
through (II-3) can be written in the following general form :

- L . + . » - +c i L I ) -1
L, = ®55%5x blazay = 0 (i,3 = 1, s 8) (111-1)
vhere z represents the eight dependert variables u,v,p,p,up,
vp, pp and T and the x and y subscripts denote partial
differentiation. These eight equations can be combined to

form a single differential operator by employing ardbitrary
multipliers and summing. Thus

L=o;, L, =0 (i=1,..., 8) (x11-~2}

vhere g, are the arbitrary multipliers. In this sectiox, the
convention of indicati- 37 a summatior b2 repested indices will
be used. The partial differential equaticn, Egquation {III-2},
can be rewritten in the form of an ordinary differential

equation under certain conditions. Thus

(aijoi)dzj + ciaidx = 0 (i, = 1,...4 8) (113-3)
if and orly if the foilowing esquations are vsalid :

. Q. i, = 1,..., 6 (II1-4}
259 dy/dx = b, .e; (i,j seees 82

Equations (IZI-4) are eight independent equations for dy/dx.
Equations {III-4) are used to determine the unknown multipliers
o vhich can then be substituted into Eruation {IXI-3) to yield
the compavidility 2gustions. Rearranging Equations {IIi~l} to

solve far o, yields the following ejuations :

o aryaby
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(i, = 1,...,8)

o.(a
3¢

dy/dx - bij)’- 0

Lo

i

If this system of equations, Equations (III-S), is to

{111-5)

have

a solution other than the trivial, i.e., all o, = 0, Zaen

the determinant of the coefficients of ¢. wust be zero. Thus,

i

[ 255 dy/dzx - LIF ] =0 (i,5 = 1,...,8)

Now, dy/dx can be obtsain:d from Equation (III-6). The

(111-6)

resulting dy/dx car then be substituted into Equstions (IXI-k)

to determine relationships in terms of the multipliers a;-
- With o known, the final form of the compatibility equations,

Equations (III-3), is cbtainad.

The governing equations for the flow field are

repeated below for convenience.

u_ 4+ pv._ ¢ u + v + pv = 0
puy vy ° . Py * P ly

un + avu + P + fp (v ~u )=s0
puty T Vy x °p p)

uv + p¥v + P + Ap (v - v ) =0
PuUVy T PYVy y °p P

P +vyE =~ a2up - m2vp_~ ABp_ = O
Wy TV x oy °p

u + v + up + vop +p Vv [y =2¢C
e, ~ Pp'm, T, PR, pP

+ vau - A - % =
2 Bpup, * VpUp, T AW - ) ]

- A{ v - VPi] & 0

2 - =
* 3 AC(Tp _x)] 0

(111-7)

(111-8)

(111-9)

(I1I-10)

(111-11)

(111-12)

(1131~-13)

(111-138)
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The determinant, Equation (iII-6) can nov be written as

follows : -
edy/dx - p 0 S, 0 0 C 0 -
S, 0 dy/dx 0 0 0 0 0
0 pSy -1 0 0 0 0 0 ]
0 0 s, - s2§, 0 0 0 0 -
s 0
0 0 0 0 o dy/dax - o 0 Sy
P P i
0 0 0 0 p_Sy 0 0 0 ;
P i
0 0 0 0 0 o 3, 0 0 :
P H
0 G o 9 c 0 p_c8,y o .
- - ? N
{
(1xi-15) ;
wkere S; = (udy/dx - v} w«nd S, = (updyldx - vp).
R Since the upper right gquarter of the above determinant is fillea
) with zeros, the expansion of the determinant reduces to -

[6] «x [_P 1 =0 (III-15)

where G repreuents the upver left quart2r ol the determinant
and P represents the lower right quarter o) the determinant <

485 shown belovw

Gas !
Properties : Zeros :
_____ S
; Particles
3 Preperiies
| [¥]
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Equgtion (I;¢-16) can be zero by either G or P being zero.
Cetting thesge two deteruznants t6 zero yields the folloving

expressions :
[GIA ® (udy/dx - V)2 I(dy/dX)z [ u2 - az ] - D A}lvay!é_x

+ (v2 - a2)] =0 (III-17)

and

(p] = tu av/ax - vt =0 (111-18)
Therefore, Equatior (III-16) becomes :

(gpdy/dx - vp)“ (uay/ax - ¥)2 [ (ay/ax)2] w2 - azi - 2 uvdy/dx
(111-19)

+ (v2 - a?j ] = 0

The characteristic curves are found by solving for dy/dx

vhich, for this system of equations, are

dy/dx = v/u {111-20)
a2 4 MZ ~ 5 .
ay/dax = L= L S (11I-21)
li2 - az
(111~22)

dy/dx = v_/u
y/dx »' %p

In terms of the Mach angle @ , the gas3 flov angle © and the
particle flov angle GP, Equations (111-20}), (111-21) &nd

(111-22) can be revritten, respectively, *s

dy/dx = tan 6 {111-23)
dy/dx = tan (0 %t o) ) ; (II1I-2b)
{3111-25)

dy/dx = tan Qp : N
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Thus, the characteristic curves gre the gas streamlines

appearing tvice, the Mach lines each appearing once and the
particle stresamlines appearing four times. Equations (III-21)
are rezl only vhen M > 1, whereas, Equations (III-20) and
(II1-22) are always real. Therefore, the system of governing
equations, Equations (III-7) through (III-14) is hyperbelic
vhen the flowv field is supersonic. Of these eight characte-
ristic curves, four are distinct; the two Mach lines, the gas

streamlines and the particle streamlines.

In order to determine the compatidility equatiomns,
the unknown multigplier o must be determined. These multipliers
are determinad by simultaneously solving Equations (III-kL),
using Equations (III-20) through {III-22) for the slope of

ench characteristie curve.

Substituting the coefficients aij and bij from
Equations (III-7) through (III-14) into Equations (III-L)
yields the following results :

o1dy/dx + (udy/dx - v)oy = 0 (111-26)
-gq + (udy/dx - v)g; =0 (113-27)
o,dy/dx - o3 + (udy/dx - vle, = G {171-28)
(uay/dx - vi (o) - a%0,) =0 (I11-29)
ggdy/dx ¢ (updy/dx - vp)o6 = 0 (111~30)
-5 * (updy/dx - vp)o7 =0 (111-31)
(u_dy/dx > v_)gg = O (i11-32)
P P
(111-33)

dy/dx - v )oe = O
'(up y/ plos




The form of the general compatidbility equation,
Equation (III-3) is :

[ poy+ puo, ] du+ [puoy ] av + fo, + woy, ] ap

+ [ ug, - alug, ] dp + {ppas + ppupos]dup

+ [ PpRp97 1 dv + [ cp_u g ] ar

: P

%‘ + u g d + vo,/y + Ap (u - u )o

- [ p°S ] Pp { pvo, /Y P p' o2

- + Ap (v - v Jog -~ ABp 0, + p v 0e/y - Ap (u - u )o
P p 3 Ppoh p'p’s’Y P p’ ®

= . - App(v - vp)07 + % » AC(Tp - Tlog | dx = 0  (III-34)

For the gas streamline characteristic curve,
3 {udy/dx - v) = 0. Thus, by substituting this relationship into
Equations (“1I-26) through (III-33), the following results

. are obtained :
?' 0130
i\ gz = uo3/v (111-39%)
3
’:— 05'°5‘°7'°8t0
ﬁg Substituting Equation (III-35) into Equation (III-34) and
f%i ) regrouping terms into coefficients of the two arbitrary
;:“.l?; multipliers, o3 and ¢,, yields the followving result : ] )
'ff u Eft"
+ pvav + ap + Ap (u - u )dx + Ap (v - v Jay ] o
[ pudu + pvav P Py . L p } 303 |
+ [ udp - a%udp - ABppdx Jo, =0 (111-36) £ g
Since the multipliers o, and o, are s&rbitrary, their coefficients S
must equal zero. Equating the coefficients of thesze multipliers ;Eg?%
el

183
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udp - azuag - ABppdx = 0
Noting_  thsat

udu + vdv = WAW

Equation (III-37) can be rewrittan as
p¥dAW + dp + App [ (u - up)dx-+ (v - vp)dy ] = 0

Equations (III-38) and (III-39) are valid only aldng gas stream-

lines, i.e., along curves defined by

dy/dx = tan ©

Along the Mach lines, the slope dy/dx is determined
froa either Equations (III-21) or (IXII-24) and (udy/dx - v) ¥ C.

pudu + pvdv + dp + Ap (u - u )dx + Ap (v - v )dy = ©O
P Py p) Py P) Y

7

i

(111-37)

L N

(111-38) -

Whysp

s Wil

(111-39)

(I1I-k0)

Therefore, by combining Equations (III-26) through (III-33)
vith Equation {III-31), the relationships for the mult'pliers

95 for determining the compatibility equations which
along the Mach lines are obtained and are as fcllows

q; = a?o,

- alg, dy/dx

(wdy/dx = v)

(udy /dx ~ v)2 - a2(ay/ax)?

(udy/dx - v)

65.67‘08'0

Oy

are valid :

..

Atrn Fhuid dan vr gy

v

(1I1-41) e




Since no relationsbip is obtained. for o,, thiy multiplier

is arbitrary. The compatibility equations valid slong the

Mach lines are obtained by substituting Equationr (III-k1)

into Equation {III=3%), the geonsr:l ecewpatibility equetien,
e

1)
Try
and equeting the coefficient of o, to zero, vhich yields

M- 1~dp + i(udy - vdx)

(~ vdu + udv) 2
o

- A(cp/o)(u - up)dy + A(pp/p)(v - vp)dx
- An(pp/pa2)(uay - vdx) = 0 (111-k2)

Equsation (III-42) can be rewrittern in teras of & and a as

. A
40 t(cota/oW2)ap % [ £100 *%% (1 + B/a2)] =

¥
(%%%T%—;—;T)dx + A(pp/pwz) [ updy - dex ] =0
(I1I-43)
where the gas Mach lines are given by
dy/dx = tan (8 % a) (II1-k4%)

In Equations (III-U3) and (ITI-LL), the upper sigas refer to
left-ruaning M=2h liner and the lower signs refer to right-

running Mach lines.

For the particle streamline characteristic curve,
(ujpy/dx - vp) = 9, Thus, by substituting tiis rela%ionship
into Bquations (III-26) through (III-33), the following results

are obtained :

o1 ® Oy a‘o3 =g, 05 =0 (II1I-45)

i e s -
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multipliers,; agg, 07 and og

[ updué - A(u - up)dx Jog

g 2
+ cu 417 + — A
Loeugd?, + 3

Again, “ne multipliers og,
their coefficients must be
these three multipliers to

bility equations which are

iF

a2

u du - A{u - u )dx = 0
P P P

m~4
it
iy

adv = A(v - v )dx =0
P p P

cu 4T + g—AC(T - T)dx = O
pp 3 P

wvhere the particle sireamli
dy/dx = v_/u
P P

It should be poi
egquations are obtsined in t
obtaiuea for solving for th

be explaip%d by noting that

the particle continuity egu

is renmoved from the set of

teristic curves and seven ¢

Substituting Equatior (III-

s should ve. In order to have a complete set of equations it
is necessary to include Egaation (III-11) or some equivalent
equation in order to have & relationship for L In the present

sanalysis an integral equivalént equation for particle coatinuity

k5) into Equation (IIT-34) anad

regrouping terms into coefficients of the three arbitrary

yields the following result :

+ wdv. - Alv - v_)dx Jo

L wjavy plax log

C(Tp -~ T)dx Jog = 0 (111-46)

o7 and og are arbitrary. Therefore,

zero. Equating the coefficients of

zero ytelds the following compati-

velid slong the particle streamiines :
(I11-47)

(111-48)

(111-k9)

ne is given dy
(111-50)

nted out that oniy seven compatidbility
his analysis, i.e., no equation is

e particle density, pp. This can

g5 is zero for all characteristic

curves. Therefore, the fifth governing equation, Equation (III-11),

stion does not :nter the analysis

as treated by the method of characteristics. If Equation (111-11)

governing eguations, seven chareac-

ompatibility equations are obtained,
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is employed. The equation ugsed is as follows :

y
B = 2% (u dy/ax - v )ax (1711-51)
P I o, P y/ p)

Equation (IXII-51) is used to calculate an average particle
density at each point .n the flow field.

It should be reemphasized that treating the particles
as a continuum is an approximation in the present two-
dimensional analysis just as in previous one-dimensionsal

analyses.

Iz summary, the governing partial differential
equations have been transformed to a system of differential
equations valid orly aloang certain charsacteristic curves.

These are :

Gas Streamlines

dy/dx ¢ tan § (111-52)

pWAW + dp + Ao [ (u - udax + (v - vp)dy] =0 (111-53)
P

udp - aZudp - ABppdx =0 (111I-54)

Gds Mach Lines

dy/dx = tan (6 * a) (111~-55)

. Ap .
siné _ ;ﬁn (1 + B/aa)] sina

49 t(cosa/pW?)ap ¢ [ " cos (o 2 a) ¢%

2) { udy - v d = 0 (111-56)
+ Alp /oW2) [ udy - v dx ]
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IV. NUMERICAL SOLUTION TECHNIQUE

The formulation of the problem of treating a
supersonic fiov field consisting of a mixture of a gas and

solid particles represents only one part of the present

wh

investigation. In order to make use ¢f the eguations derived

in the previous section, it is necessary to translate the

S

R
TN

equations of motion of Section III into a numerical s&lgorithm.

T

This section outlines the solution procedure which was

FIRTUa

programmed for the IBM 1130 computer at the von Karman Institute.

A3 was discussed in the previous section, the gas
Mach lines (two of the characteristic curves) are real only
when the gas Mach number (ratic ot the gas speed and the frozen

speed of sound) i3 greater than one. TLerefore, the present

scheme is only applicable in regions of the flow which are i

rupersonic. This means that in order to calculate the flowv in % :
a8 nozzle by the method of characteristics ore must know the ké
flov properties in the region downstream of, but near, the gas
sonic line. In order to obtain the necessary initial conditions :ié

for a gas-solid particle flow the complete subsoric and transonic -

flow field must be solved. Since this problem has not beeln -
solved to date, it is necessary to use approximate methods :
to obtain the gas and solid particle properties from which to :é
start the solution procedure. It is clearly evident that much ; )
more work must be done in the subsonic and transonic flow g E
regionsberore the present supersonic analysis can be effecti-

ely utilized, i.e., to get realistic results one must specify

realistic initial conditions.

The numerical algorithm dces not depend on the
citial conditions. Therefore, as better methods for predicting
the initial condltzon beconme available,.they can be input
noo the present s&nalysis directly as input data.

The numerical algorithm used is a modified Euler,

predictor-corrector technique vhere averaged coefficients are
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used. The transformed equations, Equations (IIXZ-52) through ;*"
(I11-61) are forward differenced. To illustrate the technigue, i

2
Figure ! presents an interior mesh point grid. The four distinet FE
characteristic curves are showr with the point numbering schemne -

: as used in the computer program. Point 3 1s the point vhere ?’

the solution is socught. Points ] and 2 sre previously obtained . ;;
soluti.n points or given poirts on tihe initial wvalue ine. .
The prop -~ies at points 4 and 5 are known (by interpolation)
once the .ocation of each point is determined. The solution

procedure is as follews :

(1) Predict the x and y direciisn of Point 3 by soiving
the two sgxations, Eagvations {IXI-55). In fipite difference

PR,

form this yields :
- P N
x3 = {y2 - ¥1 - xpHa3 + x3813)/\S13 - Ha3;

¥3 = y1 ¢ 813{x3 - x1) ; - ‘ :

whe_ e
H23 = “2.‘ l:ta.n (92 + (Lz) + tan (63 + (!3)-:!

[ tan (91 - 01) + tan (93 + 33) _}

-
w

[]
VN

it should be noted that the second term within the brackets
in the above two equsations are set equal to the firsi teza

for the »redictor.

(2) Sclv2 for the gas flow angle und the pressure dy simulta~-

neously solving the twr equations, Fjustions (1131-56). : :

{3) Calcuiate the position of Points 4 ard 5 by the psrticle , :
streamline equation, Equation {X1I-57) end the ges streamline

equation, Equation (IIi-52), respectively. \hj

. -




\n

(4) Interpolate for the n»roperties at points U4 and

ad the gas deasity &t Feint 3

ok

(6) Calculate the partiicle velocity, particle fiow angle,
rarticle temperature, and particle dznsity from Equations

(I11-58) through [III-61).

es
evaluate all equaticn coefficients, average the noefficients,

und repeat steps (i)} through (6).

This aigorithm is second order accurate. To
iterate again accomplishes nothing. If the accuracy is not
sufficient change the grid spaciang-by incressing the numder
of points on the initial value line-and redo the ecalculations.

The same technigue is used on the wall boundary
except that on the wall the solution point is obtained dy the
intersection of tke left characteristic and the wall ccntour.
Since the gas flow angle is the wall angle, the flowv angle is
known. This reduces the unknowns by one, which is necessary

since the right characteristic compatibility equaticn cannot

be used.

The same procedure exists at the centeriine.
lere the gas filow angle is zero (known, 3 priori), aGd the

left cheracteristic compatibility equation is not used.

To check the progran out, a sample case was
executed for which previous cne-dimensional results wvere
available. The initisl value li-~2 properties were taken
from the ona—dimensional results. The resulte vere then
compared at the nozrle exit, § cm. downstreanm of the initial
value line. The follovwing table presents the results ase

obtained from the two programs. The loading ratio was 1.5,

) LA T

X

42, 2 oy

s,




i.e., the particle flov rate was 1.5 times the gas flov rate.
Particle diameter vas 500 micirons. -

Presant Analysis
‘ 2-3 d-4

Gas Velecity L69.0 m/sec 467.6 m/sec
‘Psrticle_Velocity 213.2 m/sec 214.7 m/sec o
Gas TeEperature 159.7 °K 159.7°K .
Particie Temperature 295.7 °K 291.9 °K i
Gas Mach number 1.850 1.847% }
Pressure 1.86x108n/m2 1.88x108 1/m2 :

The run time for the tvo-dimensional calculation
on the IBM 1130 was approximately 9 minutes.

The above comparison indicates that the program is
working correctly and that it can be used effectively for

particle~ges prodblems.




V. CONCLUSIONS ANL RECOMMENDATIORNS

The results of the comparison of the preéent
two-dimensional, supersonic anslysis with the one-dimensional
analysis indicate that the program is working correctly
and that it can be a useful tcol for particle micronization
processes. The present analysis has the ndvant&ge that
non-uniform particle distributions can be treated if the
necessAry initial data are available. The proﬁram has bren
written in modular form so that any required or desired

progrum changes are relatively simple.

Further studies are needed in two areas. These

are :
advantage of the potential applications cf this analysis

(1) a working subsenic and trensonic analysis to take

and (2) much more effort is required to obtain governing
equations that are more physically realistic. The use of the
particle continuum assumption, obviously, has restricztions.
Experimental measurements are necessary to determine the
region where this assumption breaks down. It should be
emphasized that one-dimensional ansalyses suffer frox the same
problem and, therefore, if for particle micronizatiocn processes
the continuum assumption does not provide engineering

results neither approach can oe used to predict particle

behaviour in the nozzle.

R R R RPN
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APPENDIX A

PROGRAM DESCRIPTIOH

The computer program was written in the FORTRAN IV
language for the IBM 1130 computer at the von Karman Institute.
The program consists of the MAIN program and four subroutines.
These subroutines are designated FLEYWP, M@CP, MZCB and CPEFP. The
structure of the program is illustrated in Figure A-1, A brief
description of the program is as follows :

MAIR - This program calls the flow field logic program
or CALLS EXIT as determined by whether SWITC:H 10 on the comnsole
is "on" or "oft".

- FL@WP - This sudbroutine controls the logic in calcu-
lating the flow field in an axisymmetric nozzle. All input data
asd all output options are accomplished by this subroutine.
Sutroutine FLPWP calls MPCP for the solution at an interior mesh
point or M¢CB for the solution at the wall boundary or the center-
line boundary. Two arrays store the solution along a back left
characteristic and the left characteristic being solved.

MGCP - This subroutine uses the modified Euler predic-
tor corrector technigque with averaged coefficients to solve for
an interior mesh point. Subroutine CPEFP is called to evaluate
all the necessary coefficients used in the finite difference
eguations.

M@CB - This subroutine is nearly identicsl to the
sbove subroutine except the solution psint is on the boundery.

CPEFP - This subroutine evaluates the coefficients
of the finite difterence eguations ard is called from both

M@CP® and M@CB.
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APPENDIX B

PROGRAM IKPUT

The input date for the program has been kept to &
minimum to keep the program simple. The followving data are
raguired for program execution :

CARD 1 (FORMAT 3F10.0)
1~10 GAMMA, ratio of the specific heats for the gas (eir, y=1.4)

o ,
B P N A XYY

11-20 RGAS, the pas constant (air, R=29.27)
21-30 PR, the gas Prand+l number (air, Pr=0.7)
CARD 2 (FORMAT LF1).0)

1-10 DIAM, particle diameter (meters)

11-20 RHOP, particie density (kg/m3)

21-30 CPART, pariicle specific heat

31-40  PFLKT, particle flow rate (kg/sec)

CARD 3 (FORMAT ¥2,8%.I2,0X,12,8X,I1)

1-2 NPTSL, the numder of points for which date is specified T q
on the initial value line (MAX=5) E -

11-12 IMAX, the maximum number of 2eft characteristics to be E
calculated

21-22 IOUT, the number of the left cuaracteristic wheve print
out bezins. If all characteristics are desired IJUT=0.

31 RU, not used i

The following two cards are repeated for each cof the

NETSL points. Two cards are required per point. The first point

o

input is the wall point, the last point is the centeriine point.

CARD 4 (FORMAT 7F10.0) .
1-10 x-location of the point (meters)

e K e WD Srmonh
f .

11-20 y-lacation of the point (meters)
21-30 Gas Mach number %
31-h0 Gas velccity (m/sec) ' =
41-50 Gas flow angle (degrees) -
51-60 pressure (n/m?) o

. y *
.61-70 gas density (kg/mJ e
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CARD 5 (FORMAT 5F10.0)

1-10

11-20
21-30
31-40
41-50

particle
particle
particle
particie

particle
limiting

velocity (m/sec)

flow angle (degrees)

density (kg/n3)
temperature (°K)

stream function (0.0 for centerline,
streamiine).

e e e e




APPENDIX C

PROGRAM LISTING

This appendix conteins the complete program listing.
All subroutines are stored on disc 6. For execution, it is oniy
nece:sary to compile the MAIN program. The two subroutines M@gCcP

and M@CB are stored in the LOCAL mode.

s

2 it
R AGFen
b P i Qv—}@‘!&*

ORI

Canv A




- A3e2 -
¢ MAIN PRGGRAM
¢
¢ COMMON STATEMENTS
c : :
COMMON HU, CONST, THETW, PFLRT, Pi, X3A, Y3A,.E3A,V3A, T3A, P3A,R3A, VELPS, :
, 1TP3A,RP3A, TEP3A, PS13A ; -
1 . COMMON GAMMA,GC,RGAS ,DiAM, RHOP, PR, CPART
10 CONTINUE '
PAUSE
CALL DATSY (10,K1if) )
GO TO (20,3%), K10 »
20 CALL FLOUP i
- ’ 66 TO 10
c
30 CALL EXIT
= e
- _END
5 ;
k. ;
b i

2
=]
=

ey

s
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- A3e3 =

SUBRNUTIIE FLOWP

H1S PROGRAT COIHTROLS THE LOGIC NECESSARY TO CALCULATE e
THE FLO'Y FIELD 1) A SUPERSANIC AXISYIH4ETRIC (NU=1) O L
TUC-OFIENSINNAL (NU=R) NOZZLE BY THE METHOD OF CHARACTERES oL

THE ARTAY SLY IS USER TD STORE THE IHIT.AL-VALUE LINE, . - _' R;
THE FIRST SURSCRIPT 1S THE POINT HIPMER, THE SECNND DENDTE -
THE FL'ID PROPERTY DEFINED RY THE FOLLOUING

% PISITION -
Y POSITION {
GAS MACH HUMBER =
CAS VELOCITY -
GAS FLOY ANGLE

GAS PRESSURF ,

GAS DEHSITY -
PARTICLE VELNGITY

PARTICLE FLOY ANGLE

PARTICLE DENSITY

PARTICLE TEMPETATURE

PARTICLE STREA't FUNCTINN

DNV E W N

1 b bl
NS peb OO

THE SANME SCHEME |S USED FOR THE TN CHARACTERISTIC ARRAYS
CHARA AHMD CHARL, . THO ARRAYS ARE NEEDED SINCE 1T 1S NECESS
TN SAYE ONE LEFT CHARACTERISTIC WHILE The HEXT GHE [S BEIM
CALCULATED,

wx MNOTE x% )
1UE INPUT PATAMETER IPTSL GOVERNS THE SIZE OF Titt THREE
ARRAYS, THESE ST BE SLV(I!PTSL,12), CHARA(2+#NPVSL,12)
AUD CHARL(2+iIPTSL,12).

TYPE, DIMENSION AND CO'14nfl STATEMENTS

FOOOOIOODINIOINIOADINIAAOINIDIDIONDIOOONOOIODNONIDD

NEAL ETER

DINENSION SLV(S,12), CHARACLS,12), CHARL(10,12)

COMHON 111, CANST, THET, PFLRT, P1, X3A, Y3A, E3A, V3A, T3A, P3A, R3A, VF 3,
1TP3A,"P2A, TEP3A, PS13A

GO0 CATIA, GC, RGAS . NTAT, RHOP, P7, CPART

OOM

SET PROATAY CNUSTAMNTS AND INIATILIZE COUNTERS é




f\ - ~ e”_ -
- A3ab - ‘ ‘f;f
: Pi=3,1515926
2 RAN=184,0/F1
b LINE=Y
3 "€TER=100,0 :
3 iCL=] 3
4 pHnex=1
"_ f=n .
5 J9=0 P
3 =1 :
£ ~ .
B | c READ INPUT GAS DATA :
! ¢
A READ (2,1001) GA'HHA,16AS, PR
" C
k: c NEAD 1HPYT PARTICLE DATA
b c
1 . 2FEAD (2,1791) DI, RUHOP, CPART, PELRT
3 c NEAY LIPUT CONTOL FLAGS -
g C
- READ (2,1692) NPTSL, 1HAY, 1OUT,NY -
k2 N .
. o DEAY LUMITIAL-YALUE LIUE POINTS AND FLM PROPERTIES :
3 0 16 £=1,UPTSL
E NEAD (2,1713) (SLV(K,1P),1P=1,12)
R SLY(K, 53=5L7(k, 5)/RA?
2 SLV(K,9)=SLV(K,9)/RAD
2 17 CONTINUR
i £
b e STHRE FINST POINT OF IMITIAL-VALYE LIHE 130 AUXILLIARY ARRA -
5 c
E nn 20 K=1,12
3 TUARA(L, )=3LY(1,R)
7 20 cauTyime
i THETU=51%(1,5)
e CANST=SONT(GA P IA*RGAS*GC )
: URITE 01,100§)
_' C", Tq L,.q
4 c
; & LUCREMENT COUNTER
E C
% 37 1=1+1 .
; G0 TH (4%,59), §HDEX :
rn
" Wy 1S THE NUIRER OF POGITS 0il THE LEFT CHARACTERISTIC
¢ BEIG CALCULATEN

LFLPLR

5 e e —
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FITII OO

DD

40

5n

7".

89
gn

10¢

LL ”“"“(2 CiANL{2, 1), PUARL(L, ), Flﬁ’l(¢,2),””AQL(l, ), CHA
1 P'!A”L\l,.s) r!\' L,V/[r!AﬁL(l 1‘)( o' L(/, ) (‘*l\ L(l, )"' 'F
2,00UA0.03,46), CIANL(2, ), CHARL(E, 7)), VTLOI VPLPZ T"I,T“ﬂ ar3n

o A3eS -

Jai+]
KM=d+1
GO TO GO

J=HPTSL+IIPTSL-1
0y

[

THE COUETER Y1 DETERHLUES WMETHER THE LEFT

R¥=1+1-0PToL

LR 790 CALCULATING THT P9

a0 o200 =1,

=L+l

..=L+?.

iy i
1=qy 7t,7°,120

ConTng”

IF(KK) 97,99,110
INDEX=2
JP=1+1
nn 167 §p=1,12
CHANA(L, 1 P)=SLV(JP,1?)
CONT L
G0 TN 129
CALCULATE =L TR CEATERLINS

1CL=2
YELPI=CUAL(2,0)
vELP2=01n (L, 5)
TP1=G1A0L(Z,9)
TPZ rl I’\“L(‘!' J)
2P1=CHANLC2,10)
QPZ=CSATL(1,1@)
T'“lzrhﬂ L(2,11)

oP2=0iANL(L, 11)

il“CNKIL( ,]2)

S12=C00A700, 12 )

377p1, T2, 7611, P512)

CHARACTER

n

n
P

L(2
L(2
2,

LETIC
nr1iG CALCULATED STARTS Fant THE IHITIAL-VALUE LIUE OR FRO
TIE CEUTERLLLE
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........

w A3sf -

gt ¢
= =1

o T2 187

. 125 CanTIme
£ 7Y (139,18%), 10L
130 ji=t

*
Te=

£ Tn 187

o =i
187 YELPY= CHATL(Y, 0
VELP2=C0100A(0, 8
TPl=Cv'A™ L(T,ﬂ)
TP2=CIANA (Y, q)
”DI-PJ,“L( ~)

Sp2eoHARA () 10)

TEpl=CinLE, 11)
Ep2=CiARA(H, 1)

?;ax CranLLY, *2)

PSIZ=CHAY A(n'&

fil=l-d

tFQCLI) 157,170,177

P p——

< CALCULATE FLY: PROPENTIFS AT A0 LLTERINT NISH PALNT

167 CALL 1CP (GHARLIK, 1), S'ARA(H, 1), CUATLIK, 2), CHARAG, 2), CHATLIK, 3
1), CiAA(, 3), CHALGL &), CaraCnL B, CianL ik, 5), CHARATL 5), CHARLLK, &
2), CIATALL 5) ) CHARL(L. 7)., CHARALIL 7). VELPL, VELP2, TP1, TP2,1P1, 372,
ITEPL, TEP?, PG, P51 2)

~ny Tn an

4 e o e a

TALCULATE TLZ PUOPERTIFS 20 THE JGZZLF VALL

IHIND

¢
P
.

. 3170 cALL o (3, CIANL3N, 1), CHANA(N, 1), ”“\TL(K,?),PHAQA(K

V), cuanAaC, 3) ClA\L(u,h) C'1AR A(! b)), CHARL(K,S), CHARAQ
2),CuANAC, 6), CHANLCL, 7)), CHANAQH, 7)), VFLPI,VELP LIPL, T
T?’l Tt”‘, >l1,P;l°)

U 2o

STOE THE SOLUTIENT ORTATIIFDY FRO SURRQUTINHE '10C 1M
THS AUXTLLISRY ARTAY

B IS e e

13> CHARA(Y, 1)=K3A
CHANA(CY, 2)=Y3A
CHARA(), 3)=E3A
CUHATA(, 1)=V3A
CHANA(T, 3)=T3A4




o A3 -

CHARA(!1, €)=P3A 23
CHARA(, 7)=R3A 2
CHARA (1, 3)=VELP3 ,
CHARAC'S, 8)=TP3A ) -
CHARA('1, 108)=RP3A ¥
CHARA (G, 11)=TEP3A A
CHARA('Y, 12)=PS13
220 CONTIHUE :
212 CONTINYE

c
c J1OVYE DATA FR0!t AUXILLIAY ARRAY T2 THE LEFT
C CHARACTERISTIC ARRAY
c
DO 24f K=1,:%1
‘ no 22" LL=1,12
3 CHARL(X, LL)Y=CHARA(K, LL)
%. -~ 220 CONTIIUE
- IF(1-10UT) 246,230,230
3 c
E c PRINT OUT SOLUTIOHN ALONG 7i:® LEFT CHARACTERISTIC
= c
o 236 CONTIIUE
- 1F(LIIE-62) 234,232,232

232 UrITE (1,1008)
© MRITE (1,1006)
LINE=9
234 XCH=CHARL{K, 1)*METER
YCi=CHARL (X, Z) *1METER
TDEG=CHARL(K,5)*RAD
RKG=CHARL(K,7)/GC
PRES=CUHARL(K,8)/ (GC*IETER#METER)
TE"P=CHATL(K,6)/ (RGAS*CHARL(K, 7))
TPDREG=CHANL(X,3)*RAD
URITE (1,19%4) XCM,YCH, CHARL(K,3), CHARL(K,4),TNEG, PRES, RXG
1,TEMP
URITE (1,1607) CHARL(K,8), TPOEG, CHARL(K,18), CHARL(K, 11)
- , LINE=LINE+2
240 CONTINUE
: IF(1-10UT) 267,250,250
250 URITE (1,1005)
LINE=LI1E+3

50

>
-
=

n

o s E et s arw

et s R B

e 3902 ey
EEENA Yt

(k)

i

T A SH

STORE WALL POLNT IH THE LEFT CHARACTERISTIC ARRAY

OO0

e 260 f=t1e1
E no 276 LL=1,12
CHARL (11, LL)=C'ARACIET, LL)




e Tt S A T LAY 54

- A3=8

27 CONTIME
IF(I -1 183) 30,360,230
280 NETUNM

FORMAT STATEMENTS

[ Rep Biree )

1801 FARNAT (WFIN, ")

1nN2 FORIAT (12,38%X,12,8%,12,8%,11)

103 EORMAT (7F10.0/5F20,N0)

1704 FORMAT (3(F19.5,1X),2(F1n,4,1%),F11.4,3%X,F1n,4,1X,F10,2,8X, 'GAS")

1005 TORNMAT (//)

1006 FORMAT (264, VIACH?, 2/, CFLOUT/6X, "X, 10X, Y'Y, 7X, *HUMBER !, X, fVELOC
IITY', 6%, "AUGLEY, 2, 'PISSSUREY, 5X, 'NENSITY?, 3X, 'TEMPERATUREY /74X,
2040 ) Y, 74, ), 17X, T CAISEC) Y, BX, YIDEG) Y, uX, T(KG/sq CM) Y, 3X,
3T{ra/c L uX, P(DEG KY'YY /)

IANT7 FORMAT (33%,2(F108,4,14), 14X, F10,L4,1X,F10,2,56X, 'PARTICLE")

1908 FORMAT (/7/7) ‘

c

END




L] A3-9 v

{
N I
SUBROUTINE COEFP (Y,E,V,T,P,RHO,VELP, TEP,RHOPP, TP, S,H, 0, APY, APV, i? 5
1ARU, ARV, CE,G,F,FP,GP,BP,C,DP) , ’ SR
c k.
c THIS SUBROUTINE CALCULATES THE COEEFICIENTS AT EACH PGHENT R
¢ UHICH ARE USED iIN SCLVING THE DIFFERENTIAL EQUATINNS FIR THE b
c HETHND OF CHARACTERISTICS SOLUTION TECHN!QUE e
: ,
c T
c TYPE, DIMENSION . ID COMMON STATEMENTS
c
REAL KGAS,MU, N1 ‘
¢ ;
COMMON U, CONST, THET!, FFLRT, P1, X3A, Y3A,E3A, V3A, T34, P3A, R3A, VELPS,
1TP3A,RP3A, TEP3A, PS13A
COMMON GAMMA,GO,R,DI A, RHOP, PR, CPART
¢ L
S0S=V/E §
N=1,0/SORT(F**2-31,0) ‘ : .
A=ATAN(D) D
STMA=SIN(T-A) :
STPA=SIN(T+A)
CTMA=COS(T~A)
E CTPA=COS(T+A)
3 S=STHMA/CTHA
= H=STPA/CTPA
s Q XOSCA)/(SI1H(A)*RHO/GO*Va#2)
E UP=VELP*COS(TP)
L VP=VELP*SIN(TP)
3 DU=V*COS(T)-UP B}
e IVaVeSIH(T)~-VP
= TEMP=P/ (R*RHD)
- MU=0,008000143+SORT(TEMP) /(1,0+105, 0/ TENHP)
B - KGAS=1094, fixU
A REY=RHN+D1 AM*ABS(V-VELP)/ (MU*GN)
: CX=0,48+28,0/(REY*%0,35)
3 HU1=2,0+N 6+SORT(RLY) *PR*+0,333
E CP=12,0+¥GAS*NU1/ (HU*CX*REY)
= B=(RAMIA-T, R)* (2, "e P (TEP-TEIP) /% A DURDU+NVDV)
e AP=0,75*CX*RHO*ABS{V~-VELP)/ (D! AM+RHGP*GN)
E APU=AP*D1)/UP :
- APV=AP*DV/UP
I ARU=AP+RHOPPaDY
T ARV=AP*RHOPP2DY
E CE=2 ,0aAP2CPx (TEMP-TEP)/ (3, "*UP*CPART)
B Fx-AP+GO*RHOPP/ (RHO*V*E4STPA)«(1,0+B/ (SOS*S05))
Ga~AP2GO*RHOPP/ (RHO*V*E2STIIA) #(1,N+R/ (SOS*S0S))
1F(Y-n,n050901) 20,20,10
10 STY=SIN(T)/Y .
Faf+STY/(E*STPA) -
G=G+STY/ (E*STHA) R
20 FP==AP*RHOPP2GO#VELP/(VAVARHO)*(COS(TP)*H~-SIN{TP)) Loeo
GP=-AP*RHNPPs 30« VELP/(VeVeRHO) «(COS(TP)*S~SIR(TP)) .
BP=RHO*V/GO LT
C=50S+S0S5/6G0 ] i
DP=AP*B*RHOPP/{CeV2COS(T)) S
RETURN
END
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SUBROUTINE HOCP (Xi,XZ,Yi,YZ,EI,EZ,Vl,VZ,{l,

T2,PY,P2,R1,R2,
1VELPL, VELP2,TPY, TP2,RP1,RP2, TEPY, TEP2,PS11,P512)

2

THIS SUBROUTINE 1S A METHOD OF CHARACTERISTICS SUBPROGRAWM
USED TO CALCULATE THE FLOY PROPERTIES AT AN (HTERIOR
MESH POINT, .

THE GASDYNAMIC MODEL 1S ROTATIONAL AND A PERFEZT GAS IS
ASSUMED, , THIS SUBROUTINE USES THE MODIFiED-EULER
PRENICTOR-CORRECTOR TECHMINUE, WHERE AVERAGED
CCEFFICIENTS ARE USED, .

POINTS 1 AND 3 ARE ON THE RiGHT CHARACTERILTIC, POINTS )
2 AND 3 ARE ON THE LEFT CHARACTERISTIC, POINTS 5 AND 3 ARE
ON THE GAS STREAMLINE, POINTS 4 AND 3 ARE ON THE PARTICLE
STREAMLINE WHERE POINT 3 1S THE DES{RED SOLUTION POINT, .

TYPE, DIMENSION AND COMMON STATEMENTS
COMMOM MU, CONST, THETW, PFLRT, P1, X3A, Y3A,E3A, V3A, T3A, P3A,R3A, VELPS,

1TP3A, RP3A, TEP3A, PSI3A
COMMON G, GO,R,DIAM,RHOP, PR, CPART

{=-1
- 1CL=}
CALCULATE THE COEFFICIENTS AT PGINT 1
CALL COE™ (Y3,E1,vi1,T1,P1,R1,VELP1,TEP1,RP1,TP1,S1,H,0L,APU, APV,
1ARU,ARY,. G1,F,FP,GP1,8,C,D)
AV RAGE THE COEFFICIENTS FOR THE PREDICTOR
$13 51
Q13=01
G13=G1
GP13=GP1

CALCULATE THE COEFFICIENTS AT POINT Z
CALL COEfP (Y2,E2,Vv2,.7T2,PZ,R2,VELP2,TEP2,RP2,TP2,S,H2,Q2,APY,APY,
1ARU, ARV, CE,G2,F2 FP2,G6P,8,C,D)
IF(Y2-G,0000G01) 76,70,80

CENTERLINE APPROXIMATION
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70- 1CL=2 k
c :
c AVERAGE COEFFICIENTS FOR THE PREDICYOR :
¢
8C H23=H2?
023=02
F23=F2
FP23x=FPp2
cf - R -
a0 t=i+]
c
c INTERIOR MESH POINT SGLUTION
c
X3As(Y2-Y1-%2+#H23+X12513)/(513%~1123)
Y3A=Y1+S13+(X3A~X1)
c GC TO (159,140), 1CL
c SOLUTIOH UHEN POIRT 2 1S OM THE CENTERLINE
c
140 P3A~N{=2,NxT1+023*P2+2,Nx(13#P1~2,72G13+(Y3A-Y1)-2,AeGPYII*{ X3A-X1)
1-F23+«{Y3A-Y2)}+F P23+ (X3A-X2))/(2.0%013+0323)
T3A=T14013%(P3A-P1) 45132 (VY3A4~-Y1)+GP13x( X3A~X1)
F2=F2+T3A/Y3A
1CL=l i
c G0 TO 21n §
150 P3A=(N23+P2+013«P1+T2-T1-F232{Y3A-Y2)+FP22+(X3A=-X2)}~-G132(Y3A-Y1)~ 4
IGPIS*(X3A-X1))/7(023+013) :
T3A=T2-023«(P3A-P2)~F23%x(Y3A-Y2)+FP232(X3A~X2) :
c
c -
c CALCULATE THE POSITION OF POIHT 5 FROM THE GAS i
c - STREAFILINE CHARACTFRiISTIC EQUATION, .
c
210 XY=}
JK12=X1~X2
1F(ABS(DX12)-9,2Pr31) 230,240,240
- - 230 DXDY=(X2-X1)/(Y2-Y1)
pe- - 7. DX12=Yi~-Y2
SN ) 1 X'(=2
EE - GO TO 250
A c
;;‘3:—; 240 DYDX={(Y1-Y2)/DX12
e - 250 COMTINUE
SR VF{1) 268,260,270
TR e 260 T5=T3A
TT35={SIN(T3A)/COS(T3IA)+SIN(TS)/COS(TS))=n,5,
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GO 70 (280,290},
280 X5=(Y3A-Y24X2«DYDX-X3A*TT35)/(BYDX~-TT35)

Y5=Y3A+TT35+ (X5~-X3A)
DX=X5-X2
GO TO 300

290 YSe(YIA+TT354(X1-X3A)-TT35+DXDY*Y1)/(1,0-TT35+4DXDY)
XS5=X1+(Y5-Y1)«DXDY
DA=Y5-¥2

CALCULATE THE DERIVATIVES OF THE PRGPERTIES BETWESN
POINTS 1 AND 2. .

300 SM12=(E1-E2)}/DX12
SV1Z=(Vv1-v2)/DX12
ST12=(T1-T2)/DX12
SP12=(P1-P2)/DX12
SR12=(R1-R2)/DX12
SPV12=(VELP1-VELP2}/DX12
STP12=(TP1-TP2)/DX12
SRP12=(7P1-RP2)/DX12
STE12=(TEP1-TEP2)/NX12

LINEARLY INTERPOLATE FOR THE PROPERTIES AT PGINT 5

ESwE2+5%12#DX
V5aV24SV124DX
TS=T24ST1240X
P5=P2+SP124NX
RS=R2+SR12+DX
VELP5=VELP2+SPV12+DX
TP5=TP2+STP12+DX
RP5=RP2+SRP124DX

TEPS=TEP2+STE12+DX
IF(1) 302,302,300

CALCULATE THE POSITINN OF POINT 4 FROY THE PARTICLE
STREAMLINE CHARACTERISTIC EQUATION, .

302 TP3A=TPS

TP4=TPS

i Xy

304 TT34=(SIN(TP3A)/COS(TP3A)+SIN(TPLY/COS(TPY))wN,5,

GO T (396,307),
306 K= (YIA-Y2+X2#DYDX-X3A*TT34) / (DYDX-TT3H)

I XY

Yh=Y3A+TTI4* (X4-~X3A)

DXX=X4~-X2
GO TO 308

w A3wl2 =

g




; A3ell3 =

c
307 Yoh=(Y3A+TT342(X1-A3A)~TT34+DXDY*Y1)/ (1, 0-TTIU2DADY)
' Ky=X1+LYL-Y1) «DXDY
DXXsY4-Y2

LINEARLY INTERPOLATE FOR THE PROPERTIES AT POINT 4

J,

[ XX B4

'
0
)

': © g2
b ot Sl ns

3G8 EU=E2+4SM12+DXX
Vi=V2+SVY12+nXX
Th=T2+ST12+DXX
Plh=P2+SP12+DXX
R4=R2+SR12+DXX
VELPY=VELP2+SPV12+DXX
TPL=TP2+STP12+DKX
NPuU=sRP2+SRP12#DXX
TEPLsTEP2+STE12+DXX
PSih=PS12+P! /PFLRT*(C 5+ (RPYU*VELPU=COS(TPY) +R122VELP24COS(TR2))
12 (Yha#22-Y2222)~(Y4*RF VELPU*SIN{TPL)+Y2*RP2+VELP22SIN(TP2) o {Xb
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c 2-X2)3 ‘
=" C CALCULATE THE COEFFICZIENTS AT POINT 5 :
L - C R
%§; CALL COEFP (Y5,ES5,V5,75,P5,RS,VELPS, TEPS,RPS, TPS,5,4,0,APU, APV, ;
SR 1ARUS, ARVS,CE,G2,F,FP,GP,B5,C5,95) :

N c ¥
i c CALCULATE THE COEFFICIENTS AT POYUT 4 ;
C N

CALL COEFP (YL, EL, V4, T4,P4,RL, VELPL, TEPY,RPL, TPL, S, H,0Q, APUL, APYY, f»

1ARYU, ARV, CEL,G2,F,FP,G°,8,C,D) ig
IF(Y) 326,329,330 ;

C

c AVERAGE COEFFCY: TS5 FOR THT PREDICTOR

LN

320 C35=C5
835=B5
n35=n5
ARU35=ARUS
ARV35=ARVS
APUL3=APUL
APVL3=APVY
CEL3=CEL
GO (0 340

c :

£ AVERAGE COEFFICIENTS FOR THE CORRECTOR i

c .

330 535=(B3+B5)+N,S, =
C35={03+C5120,5, ;




D35=20,5+(03+D5)
ARU3S5=0.52 (ARU3+ARUS)
ARV3IS5=0,5* (ARV3+ARVS)
APUL3Z=0,5+ (KPUL+APU3)
APVE3=0,5» (APV4+APVY)
CEL3=n, 5+ (CEL+CES)

¢ LCULATE THE VELCLITY AHND DENSITY FROM THE STREAMLINE
LCoMPATIBE LITY EQUATIONS

DOO0

340 V3A=V5+(P5-P3A~ARU3S5# (X3A~5) -ARV35+(Y3A-Y5)) /B35
R3A=R5+ (P3A-PS5)/C35-D35% (X3A-X5}

: TEP=P3A/ (]*R3A)
; S0S=COHST+SQRT(TEMP) i
t E3A=Y3A/S0S !
UPSaVELPL*COS{TPL)+APUL3~ (X3A~X4) ?
VP3=VELPL SIN(TPL) «APVL3« (X3A-X4) !
VELP33SQRT(UP3*#2+4VP3%#x2) *
YDOT3=VP3/UP3
TP3A=ATAN(YNDOT3)
TEP3IA=TEDP4+CEL I~ (X3A-XU)

PSI3A=PSiU
RP3A= (PFLRT#(PSI3A-PS12) /Pl -RP2+VELP24COS(TP2)*0,52 (Y3A##2-Y2++2)

L 1+ (X3A-X2)*Y2+RP2«VELP2#SIN(TP2) )/ {0.5+UP3#(Y3A*#2-Y2422)~Y3A2VELP3S
e o : 2=STH(TP3A)* (X3A-X2))

- IF(1) 350,350,410

N B AR r e

PRI e R T SRR AN

VRIS

! g o
N : c CALCULATE THE COEFFICIENTS AT POINT 3
: c

R ’ 350 CALL COEFP (Y37,E3A,VY3A,T3A,R3A,R3A,VELP3, TEPIA,RP3A, TP3A,S3,H3,
C 103,APU3,APV3,ARU3, ARV3,CF3,63,F3,FP3,6P3,85,C3,03)
R . c

";ﬁf ‘ ¢ AVERAGE COEFFICIENTS FGR THE TORRECTOR

. H23=(H2+H3)*0,5,

RO . 023=(Q2+03)+0,5,
< ‘ F23a(F2+4F3)#0,5,
oy S13=(S1+531#0,5,

L . : N13=(N1+03)=N.5,
B 613 (G1+63)+0,5,
e FP23=0,5%(FP2+FP3)
GP13=11,52 (GP1+GP3)
a0 To 90

410 RETURN
END
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QAOHOO

OO

SURNOUTIIE
1VELPL, VFLP?

Corpindy

2o¥letps 1ebd. k§1¥2ﬁ2?2f2'91' P2,21,12,

U, co; oT T“FT! DFLRT PI,XBA Y3A CL3A,V3A,T3A, P3A,R3A, VELPS,

1TP3A, P P3A, TED3A, P
TR0 6,07, 7,1

=-1

», PR, CPART

0 T (17,27,

X5=X
Y5av1
£5=E1
V5=y1
T5=T1
P52p1
n5=n1

NENEFINE DATA TRANSFERRED THROUGH CALL
VALL POINT SOLITEON

S W 4 g vy

VELPS=VELP1
TP5=TP1
p5=np1
TEPS=TEP1
PSI5=PSIT _

TAUTU=S
Xu=X1
Yu=Y1
E4=F)
Y=yl
T4=T1
PL=p]
24=R1

ETD/COS(THET')

YELPY=VELP]
TP4=TP1
RPY=1P]

TEPY=TEP1

PSIL=

G0 T0 L9

NSFENTEN THROUGH CALL STATEMENT FOR

WEREFRTLE

CEATERLINE SOLuTiW}

X e me

|
|
t




.I? .

o

¢
At I B A S Firiaa s e <
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far B> BN I |

- 23 «1l6 =

N52R2 B
YELPS=VELP2 -
TPS=T02 X
np5=n ny
TEPS=TEP2
PS15=PSiZ
X4=X2 ‘
Yh=Y2

F4=£2

Yh=V2

Th=T2

=02

y=n2

JELPL=VELP2

TPL=TP2

NPh=n P2

TEPL=TEP2

PSIL=P512

CALL SNEED (Y1,E1,v1,T1,P1,R1,YELPL, TEPL,RPL, TP1,S1,H, 01, APU, APY,
1A, ARY, CE, 51,F,FP,GP1,5,C,D)

51351

413=01

f13=01

GP13=071

GY TO (57,97, 18 )

46 CALL COEFP (Y2,E2,V2,T2,P2,R2,VELP2,TEP2,RP2, TP2,S,H2,02, A®U, APY,

1ARU, ANV, CF, G2,F2,¢P2.60,1, 6,03

1H23=H2

Q2302

F23=F2

FP23=i P2

g j=t+1
67 TG (1P7,180), 1D

D e )

ALL POINT SoLUTIN

b
D
[y

A3A=(Y5-Y2+41123%L2-5+TANT )/ (H23-TANT)
Y3IA=Y2+1123% ((3A-X7)

TIA=TUETY

FIA= (N2 2 P2+T2=T3A-F23x (Y3A-Y2)+F P23+ (X3A-42))/123

a0 TN 21°

CEITFT UITUE S0LUTINN

18C £3A=X1-Y1/513
Y34=0,0

%
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- A3=1} = gg%
T3A=F, P Pz
P3A=(N13+P1-T1+G13+Y1-AP134{X3A~X1))/013 -

218 cauTinurn S

I5(1) 310,317,330

310 CALL CHEFP (YS5,FES,¥5,T5, 5,85, VELPS, TEPS,RPS, TPS5, 5,1, Q, APY, APY,

1ATUS, ATVS, €5, G2, F, TP, 5P, 35, C5,05) :

538

CALCULATE Tu7 CICFFICIENTS AT POINT &

CALL GAEFP (Y&, Eh,V4,Th, Pk, R4, VELPL, TEPY,RPY, TPL, S, 1, 0, APUL, APVL,
1ARJ, ARY, TS, 32.F,FP, 50,5,C,0)

€35=C5 :
B335=R5 !
N335=N5 :
ARU3S=AUS

ANV35=ARNS

APUL3=APUY

APVL3=£PYY

CE43=EY

oN T a4

N35=(23+n5)=5G,5

£354 C3+C5)*" .5

N35=",5x(13+15)

ATU35=0,5% (A3 +ARUS)

SIS0, S {3+ ANYS)

APUL3=A, 5 (AP IL+APU3)

FOVG3=0, 5 (AP I+ PY3)

CE43=0,5«{CT4+CF3)

YIA=YS4 (D5 -P3A-ATYISEx (L3A-XS)~ATY3I5+(Y3A-Y5})/R35
PIA=5+(NP34-25)/035-235%(X3A-X5)

TEP=23A/("2"350)

505=0S TS0 T(TE 1R)

F3A=Y3A/CNS

HPI=YELPYACIS{TAN)+AD I Ix (X3A-4L)

YP3SVELPLS1 ((TPU)+APV3% (K3A-4)

VELP3I=SO T(UP3*xx24VP32%2)

¥YI0T3=VP3/1P3

TRIA=ATAI(YITI)

TEPZA=STLOL+OFL 3+ ({3A-X4)

PS13A=D511

e TO (342,344), 0

342 ?P3A=(PFL1T*(PSIBA*PS?2)/P|-?PZ*VELPZ*CHS(TPZ)*O.S*(Y?A**Z*YZ**Z)

(W)

1+ (X3A-K2) Y2 #RDP24VELP22Si1{TP2) )/ (1,52UP3+(Y3A#2-Y2+#2)~YIA+VELP]
2x31i(TP3A)Y* (X3A~X2))
87 TD 346

4% PIA=(PELTEPS11/PI-"P1sVELPI#CAS{TP1)+0 52Y1es2+(X1-X3A)*Y1l “ix




- A3=18

: , LYELPI*S1H(TPL) )/ (0. 50UP3+Y1x2)

- & 346 CONTIHUC

e i IF(1) 350,357,410

s B 350 CALL COSFP (Y3A, 83A,V3A, T3A, P3A, R3A, VELP3, TEP3A, RP3A, TP3A, §3,H3,
;- : 103, APU3, APY3, ARU3, ARY3, CE3,G3,F3,FP3,GP3,83,C3,03)

> 67 T2 (3%99,370), 15

g c

4 c CENTERLIUE APPROXIMATION

: c

4 370 STY=S1M(T1)/Y1

E N=1,C/SANT(E3A**2-1,")

3 A=ATANI{D) 5
5 STHA=SIN(T3A-A) :
g G3=03+STY/(FE3A*STHA)

3 an 10 4nn

> n

3 390 '123=(H2+1'3) 20,5

N27%=(02+03) 0,5
F234 F24F3)%9,5
FP23=P,5%(FP2+FP3)
: G TO (9¢,400), I8
e 500 $13=(51+533)+0,5
N13=(n1+N3)*8,5

E ; 013={G1+53)+3,5

> GP13=0.5+(0P1+GP3)
3 6n To 9n

: : 417 BETUM
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e

ey oyl
S ARERZ AN
AR

pss

AT I

ket

5 bk

&,
0.005

c
1
0
¢

® W o

0,
123,76
0.00002
123,76
0.09004
123,76

29,27
2600, 9,

35
6,0N5485
15,1,
2.RN27425
7,5.
0.0.
1.0

SAMPLE DATA CASE

6.7
560,0

G

1,0736
76,7112
1,0736
76,71128
1.0736
76,7112

- A3=l9 -

0.8972

338,31
298,05
3500311
298.05
330.31
258,05

DD i

* o & & & \Nn

N WD

L, w2

1296100.0 187,9751
1206100,0 187.9731
1296106, 187,9731
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